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(54) Adjustable current source 




(57) An output driver circuit for an integrated circuit 
is disclosed, where the output driver drives an output 
terminal with a high logic level having a voltage limited 
from the power supply voltage of the integrated circuit. 
The limited voltage is provided by applying a limited out- 
put high voltage to an output buffer, such that the drive 
signal applied to the gate of the pull-up transistor in the 
output driver is limited by the limited output high voltage 
applied tothe output buffer. A voltage reference and reg- 
ulator circuit for generating the limited output high volt- 


age is also disclosed, and is based on a current mirror. 
The sum of the current in the current mirror is controlled 
by a bias current source, which may be dynamically con- 
trolled within the operating cycle or programmed by way 
of fuses. An offset compensating current source adds 
current into the reference leg of the current mirror to 
eliminate the development of an offset voltage in the cur- 
rent mirror, and the limited output high voltage is shifted 
by the threshold voltage of the pull-up drive transistor 
by way of a threshold shift circuit. 
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Description 

This invention is in the field of integrated circuits, 
and is more particularly directed to current source cir- 
cuits useful therein. 

This application is related to European Patent Ap- 
plications Nos 

(Attorneys references 79104, 79105, 79106, 79108, 
79109, based on US Serial Nos 360229, 360229, 
359397, 359926, 360227) all contemporaneously filed 
with this application. 

In modern digital integrated circuits, particularly 
those fabricated according to the well-known comple- 
mentary metal-oxide-semiconductor (CMOS) technolo- 
gy, many functional circuits internal to an integrated cir- 
cuit rely upon current sources that conduct a stable cur- 
rent. Examples of such functional circuits include volt- 
age regulators, differential amplifiers, sense amplifiers, 
current mirrors, operational amplifiers, level shift cir- 
cuits, and reference voltage circuits. Such current 
sources are generally implemented by way of field effect 
transistors, with a reference voltage applied to the gate 
of the field effect transistor. 

These circuits conventionally utilize a substantially 
constant current controlled by the current source. How- 
ever, in connection with the present invention, it has 
been determined that it may be desirable to have the 
value of the current conducted by a current source to be 
different in different situations, such as if the perform- 
ance of the individual integrated circuit as manufactured 
warrants. As will be described hereinbelow, in the gen- 
eration of a reference voltage to be applied to an output 
buffer for control of a corresponding output driver, one 
may wish to optimize a tradeoff between low output im- 
pedance in the voltage reference circuit and DC current 
drawn by the voltage reference circuit. 

It is therefore an object of the present invention to 
provide an adjustable current source. 

It is another object of the present invention to pro- 
vide such an adjustable current source where the cur- 
rent may be adjusted in stable fractions. 

It is another object of the present invention to pro- 
vide such an adjustable current source where the cur- 
rent may be selected permanently by way of fuse pro- 
gramming. 

Other objects and advantages of the present inven- 
tion will be apparent to those of ordinary skill in the art 
having reference to the following specification together 
with its drawings. 

The invention may be implemented into an integrat- 
ed circuit as an adjustable current source. The current 
source is based on a current mirror, where an additional 
leg may be switched into a parallel arrangement with the 
transistor in the reference leg, where the current source 
transistor conducts a mirrored current. By switching in 
the parallel Iransistor, the effective mirror ratio is 
changed, and the current conducted by the current 
source transistor reduced. The switching in of the par- 



allel transistor may be done by way of fuse program- 
ming, or under control of a logic signal. 

Some embodiments of the invention will now be de- 
scribed by way of example and with reference to the ac- 
s companying drawings in which: 

Figure 1 is an electrical diagram, in block form, of 
an integrated memory circuit incorporating output 
drive circuitry according to the preferred embodi- 
10 ment of the invention . 

Figure 2 is an electrical diagram, in block form, of 
the output drive circuitry according to the preferred 
embodiment of the invention. 

15 

Figure 3 is an electrical diagram, in schematic form, 
of a voHage reference and regulator circuit accord- 
ing to the preferred embodiment of the invention. 

20 Figure 4 is an electrical diagram, in schematic form, 
of a bias current source as used in the voltage ref- 
erence and regulator circuit according to the pre- 
ferred embodiment of the invention. 

25 Figures 5 and 6 are timing plots of the operation of 
the voltage reference and regulator circuit accord- 
ing to the preferred embodiment of the invention in 
the absence and presence, respectively, of an offset 
compensating current. 

Figure 7 is an electrical diagram, in schematic form, 
of a dynamic bias control circuit as used in the volt- 
age reference and regulator circuit according to the 
preferred embodiment of the invention. 

35 

Figure 8 is a timing diagram illustrating Ihe opera- 
tion of the circuit of Figure 7 in an integrated circuit 
memory. 

40 Figure 9 is an electrical diagram, in schematic form, 
of a bias current source according to an alternative 
embodiment of the invention, including programma- 
ble bias current levels. 

45 Figure 10 is an electrical diagram, in schematic 
form, of a voltage reference and regulator circuit ac- 
cording to an alternative embodiment of the inven- 



50 As will become apparent from the following descrip- 
tion, it is contemplated that the present invention may 
be implemented into many types of integrated circuits 
that generate digital output signals. Examples of such 
integrated circuits include memory circuits of the read- 

55 only, programmable read-only, random access (either 
static or dynamic), and FIFO types, timer circuits, micro- 
processors, microcomputers, microcontrollers, and oth- 
er logic circuits of the general or programmable type. 
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For purposes of description, the preferred embodiment 
of the invention will be described for the example of a 
memory integrated circuit, as memory circuits are con- 
templated to be often used to provide output data to an 
integrated circuit (such as a microprocessor) having a 
lower power supply voltage. 

Figure 1 illustrates a block diagram of read/write 
memory 10 in which the preferred embodiment of the 
present invention is implemented. Memory 10 includes 
a plurality of memory cells arranged in memory array 
16. In general, memory 10 operates to receive an M bit 
address and, synchronous to a system clock (denoted 
"CLK"), to output an N bit data quantity. Integers M and 
N are selected by the designer according to the desired 
memory density and data path size. Selected memory 
cells in memory array 16 are accessed by operation of 
address register 12, timing and control circuit 14, and 
address decoder 17, in the conventional manner and as 
will be described hereinbelow. Data terminals 28 allow 
for communication of data to and from read/write mem- 
ory 1 0; while data terminals 28 in this example are com- 
mon input/output terminals, it will of course be under- 
stood that separate dedicated input terminals and out- 
put terminals may alternatively be implemented in mem- 
ory 10. Data is read from the selected memory cells in 
memory array 16 via read circuitry 19 (which may in- 
clude sense amplifiers, buffer circuitry, and the like, as 
conventional in the art), output buffers 21, and output 
drivers 20; conversely, data is written to the selected 
memory cells in memory array 16 via input drivers 18 
and write circuitry 17. 

Address register 12 includes an integer M number 
of address inputs labeled A 1 through A M . As known in 
the memory art, the address inputs allow an M bit ad- 
dress to be applied to memory 10 and stored in address 
register 12. In this example, memory 10 is of the syn- 
chronous type, and as such the address value at ad- 
dress inputs A is clocked into address-register 12 via 
CLK, where CLK is passed to address register 1 2 from 
timing and control circuit 14. Once the address is stored, 
address register 12 applies the address to memory ar- 
ray 1 6 via address decoder 1 7, in the usual manner. Tim- 
ing and control circuit 14 is also illustrated as having a 
generalized set of control inputs (denoted "CTRL") 
which is intended to represent various control and/or 
timing signals known in the art, such as read/write ena- 
ble, output enable, burst mode enable, chip enable, and 
the like. 

Inthis example, memory 10 receives electrical pow- 
er from power supply terminal V 00 , and also has a ref- 
erence voltage terminal GND. According to the pre- 
ferred embodiment of the invention, memory 10 will be 
presenting output data at data terminals 28 for receipt 
by another integrated circuit that is powered by a power 
supply voltage lower than that applied to terminal of 
memory 10. For example, the power supply voltage ap- 
plied to terminal V co of memory 10 may nominally be 5 
volts (relative to the voltage at terminal GND) while an 



integrated circuit receiving data presented by memory 
10 at terminals 28 may have a power supply voltage of 
nominally 3.3 volts. In order to allow this condition, the 
maximum voltage driven by output drivers 20 of memory 

s 10 at data terminals 28 must be at or near this lower 
power supply voltage (i.e., at or near 3.3 volts), to avoid 
damage to the downstream integrated circuit. As will be 
described in detail hereinbelow, the preferred embodi- 
ment of the present invention is intended to provide such 

to limitation on the maximum output high level voltage driv- 
en by output drivers 20 of memory 10. 

Memory array 16 is a standard memory storage ar- 
ray sized and constructed according to the desired den- 
sity and architecture. In general, array 16 receives de- 

is coded address signals from address decoder 17, re- 
sponsive to which the desired one or more memory cells 
are accessed. One of the control signals, as noted 
above, selects whether a read or write operation is to 
be performed. In a write operation, input data presented 

20 to data terminals 28, and communicated via input buff- 
ers 18, are presented to the selected memory cells by 
write circuitry 21. Conversely, in a read operation, data 
stored in the selected memory cells are presented by 
read circuitry 1 9 to output buffers 21 . Output buffers 21 

25 then produce control signals to output drivers 20, to 
present digital output data signals at data terminals 28. 
In either case, internal operation of memory 10 is con- 
trolled by timing and control circuitry 14, in the conven- 
tional manner. 

so According to the preferred embodiment of the in- 
vention, memory 10 further includes output buffer bias 
circuit 22. Output buffer bias circuit 22 generates a bias 
voltage on line VOHREF that is presented to output buff- 
ers 21 so that the control signals presented by output 

35 buffers 21 in turn limit the maximum output voltage driv- 
en by output drivers 20 on data terminals 28. As indicat- 
ed in Figure 1 , and as will be described in further detail 
hereinbelow, output buffer bias circuit 22 according to 
the preferred embodiment of the invention is controlled 

40 by timing and control circuitry 14 according to the timing 
o1 the memory access cycle. 

Referring nowto Figure 2, the construction of output 
buffer bias circuit 22 and its cooperation with output buff- 
ers 21 and output drivers 20 according to the preferred 

45 embodiment of the present invention will be described 
in further detail. As shown in Figure 2, output buffer bias 
circuit 22 includes voltage reference and regulator 24, 
which produces a regulated voltage VOHREF at its out- 
put. Output buffer bias circuit 22 further includes bias 

50 current source 26 which, as will be described in further 
detail hereinbelow, is controlled by a clock signal gen- 
erated on line C50 by timing and control circuitry 1 4; bias 
current source 26 produces a bias current i B | AS used by 
voltage reference and regulator 24 in generating the 

55 voltage on line VOHREF. Also according to this embod- 
iment of the invention, voltage reference and regulator 
24 receives an offset compensating current i NU LL frorrl 
offset compensating current source 28. Output buffer bi- 
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as circuit 22 further includes V t shift circuit 30, which 
serves to set the voltage VOHREF. The detailed con- 
struction and operation of output buffer bias circuit 22 
and its respective constituent blocks will be described 
in further detail hereinbelow. s 

Voltage VOHREF is presented to each of the output 
buffers 21. As such, output buffer bias circuit 22 serves 
multiple ones of output buffers 21; in many cases, de- 
pending upon the number of output buffers 21 , a single 
output buffer bias circuit 22 may suffice to control all of io 
the output buffers 21. Each output buffer 21 receives 
complementary data inputs DATA, DATA*, which are 
generated by read circuitry 19 (see Figure 1). For ex- 
ample, output buffer 21 j receives complementary data 
inputs DATAj, DATA,-* (the * indicating logical comple- is 
•merit). Each output buffer 21 presents control signals 
(shown as PU and PD for output buffer 21 j) to a corre- 
sponding output driver 20. Each output driver 20 drives 
a corresponding data terminal 28. While, as shown in 
Figure 1 , data terminals are common input/output ter- 20 
minals, the input side (i.e., data input buffers, etc.) are 
not shown in Figure 2 for the sake of clarity. 

Each output buffer 21 in this embodiment of the in- 
vention is implemented as an n-channel push-pull driv- 
er. Referring specifically to output driver 20j, which is zs 
shown in detail in Figure 2 (it being understood that the 
other output drivers 20 are similarly constructed), n- 
channel pull-up transistor 32 has its drain biased to V cc 
and its source connected to data terminal 2S { , and n- 
channel pull-down transistor 34 has its drain connected 30 
to data terminal 28, and itssourcebiasedtoground. Out- 
put drivers 20 also preferably include electrostatic dis- 
charge protection devices (not shown), as is conven- 
tional in the art. The gates of transistors 32, 34 receive 
control signals PU, PD, respectively, from output buffer 3S 
21 . As will be appreciated by those of ordinary skill in ■ 
the art, since V oc (nominally 5 volts, for example) biases 
the drain of pull-up transistor 32, the voltage of line PU 
applied to the gate of transistor 32 must be properly con- 
trolled to ensure that the maximum voltage to which -*o 
transistor 32 drives data terminal 28,- in presenting a log- 
ical one (referred to as V OH maximum) does not exceed 
the limit (e.g., 3.3 volts). The way in which this limitation 
is accomplished according to the preferred embodiment 
of the invention will be described hereinbelow. 45 

As is shown in Figure 2, the body node of n-channel 
pull-up transistor 32 is preferably biased to ground, rath- 
er than to its source at data terminal 28,-. It will be ap- 
preciated by those of ordinary skill in the art that this 
body node bias for n-channel pull-up transistor 32 is pre- so 
ferred to avoid vulnerability to latchup. However, as will 
also be appreciated, this bias condition for transistor 32 
will effectively increase its threshold voltage, making it 
more difficult to limit V 0H maximum driven by output 
driver 20. This difficulty is due to the higher voltage to ss 
which line PU must be driven in order to turn on transis- 
tor 32. The preferred embodiment of the present inven- 
tion, as will be described hereinbelow, addresses this 
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difficulty in such a way as to allow the body node of tran- 
sistor 32 to be back biased (i.e., to a voltage other than 
that of its source). 

Output buffer 

The construction of output buffer 21 j as shown in 
Figure 2 will now be described in detail, it being under- 
stood that the other output buffers 21 are similarly con- 
structed. Output buffer 21 j receives the data input lines 
DATA,-, DATAj* at an input of respective NAN D functions 
40, 42. Output enable line OUTEN is also received at 
an input of each of NAND functions 40, 42 to perform 
an output enable function as will be described herein- 
below. 

The output of NAND function is applied to the gates 
ol p-channel transistor 36 and n-channel transistor 38. 
P-channel transistor 36 has its source biased to the volt- 
age VOHREF generated by output buffer bias circuit 22, 
and has its drain connected to line PU. N-channel tran- 
sistor 38 has its drain connected to line PU and its 
source biased to ground. As such, transistors 36, 38 
form a conventional CMOS inverter for driving line PU 
with the logical complement of the logic signal presented 
by NAND function 40. However, the high voltage to 
which line PU is driven by transistor 36 is limited to the 
voltage VOHREF generated by output buffer bias circuit 
22. Since line PU is presented to the gate of n-channel 
pull-up transistor 32 in output driver 20j, the voltage VO- 
HREF thus will control the maximum drive of pull-up 
transistor 32, and thus the voltage to which data terminal 
2Bj is driven. 

On the low side, the output of NAND function 42 is 
applied to the input of inverter 43 (which, in this case, is 
biased by V cc ). The outpul of inverter 43 drives line PD, 
which is applied to the gate of n-channel pull-down tran- 
sistor 34. 

In operation, with output enable line OUTEN at a 
high logic level, the state of NAND functions 40, 42 are 
controlled by the state of data input lines DATAj, DATA,*, 
and will be the logical complement of one another (since 
data input lines DATAj, DATAj* are the logical comple- 
ment of one another). A high logic level on line DATAj 
will thus result in a low logic level at the output of NAND 
function 40, turning on transistor 36 so that the voltage 
VOHREF is applied to the gate of transistor 32 via line 
PU, driving data terminal 28,- to a high logic level (limited 
by the voltage of VOHREF as noted above); the output 
ol NAND function 42 in this condition is high (data line 
DATA,* being low) which, after inversion by inverter 43, 
turns off transistor 34 in output driver 20j. In the other 
data state, the output of NAND function 40 will be high 
(data line DATAj being low), turning on transistor 38 to 
pull line PU low to turn off transistor 32; the output of 
NAND function 42 will be low, causing inverter 43 to 
drive line PD high and turn on transistor 34, pulling data 
terminal 28,- low. With output enable line OUTEN at a 
low logic level, the outputs of NAND functions 40, 42 are 
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forced high regardless of the data state applied by data 
input lines DATAj, DATAj*; as a result, transistors 32, 34 
are both turned off, maintaining data terminal 28j in a 
high impedance state. 

As noted above, the voltage on line VOHREF in this 
embodiment of the invention determines the drive ap- 
plied to n-channel pull-up transistors 32 in output drivers 
20. According to this embodiment of the invention, 
therefore, the construction of output buffer 21 in provid- 
ing the voltage VOHREF to the gate of pull-up transistor 
32 is particularly beneficial, as it is implemented with a 
minimum of transistors, and can rapidly switch to effect 
fast transitions at data terminals 28. In addition, no se- 
ries devices are required in output drivers 20 to limit V OH 
maximum according to this embodiment of the inven- 
tion, such series devices necessarily reducing the 
switching speed of output drivers 20 and also introduc- 
ing vulnerability to electrostatic discharge and latchup. 
Furthermore, no bootstrapping of the gate drive to n- 
channel transistor 32 is required according to this em- 
bodiment of the invention, thus avoiding voltage slew 
and bump sensitivity. 

The construction of output buffer bias circuit 22 in 
presenting the proper voltage VOHREF, so that memory 
1 0 in this embodiment of the invention may drive a logic 
high level to a safe maximum level for receipt by inte- 
grated circuits having lower power supply voltages will 
now be described in detail, wilh respect to each of the 
circuit functions of output buffer bias circuit 22 shown in 
Figure 2. 

Voltage reference and regulator with V t shift 

Referring now to Figure 3, the construction and op- 
eration of voltage reference and regulator 24 will now 
be described in detail, in cooperation with the other el- 
ements of output buffer bias circuit 22. 

As shown in Figure 3, voltage reference and regu- 
lator 24 is constructed in current mirror fashion. P-chan- 
nel transistors 44 and 46 each have their sources biased 
to Vcc, and have their gates connected together. In the 
reference leg of this current mirror, the drain of transistor 
44 is connected to its gate, and to the drain of n-channel 
transistor 48. The gate of n-channel transistor 48 is con- 
nected to a voltage divider constructed of resistors 47, 
49 connected in series between V cc and ground, where 
the gate of transistor 48 is connected at the point be- 
tween resistors 47 and 49 to receive the desiredf raction 
(e.g., 60%) of the V cc power supply voltage. Alternative- 
ly, each leg of the resistor divider may be constructed of 
a series of resistors that are initially shorted out by fuses; 
opening of selected fuses can thus allow programma- 
bility of the voltage applied to the gate of transistor 48. 

The source of transistor 48 is connected to bias cur- 
rent source 26. In the mirror leg of this current mirror, 
the drain of transistor 46 is connected, at output node 
VOHREF, to the drain of n-channel transistor 50. The 
gate of transistor 50 is coupled to node VOHREF via V t 



shift circuit 30, in a manner that will be described in fur- 
ther detail hereinbelow. The source of n-channel tran- 
sistor 50 is connected to the source of transistor 48 in 
the reference leg and thus to bias current source 26. As 
s noted above, bias current source 26 conducts a current 
%ias> which will be the sum of the currents in the refer- 
ence and mirror legs in the current mirror of voltage ref- 
erence and regulator 24 (i.e., the sum of the currents 
through transistors 48 and 50). The current i B , AS is pri- 

io marily produced by n-channel transistor 52 which has 
its drain connected to the sources of transistors 48 and 
50, its source biased to ground, and its gate controlled 
by bias reference circuit 54. As will be further described 
in detail below, according to the preferred embodiment 

is ol the invention, dynamic bias circuit 60 is also provided 
for controlling the current i B | AS may be decreased at cer- 
tain times in the memory access cycle (under the control 
of clock signal C50), to optimize the output impedance 
o1 voltage reference and regulator 24 for different por- 

20 tions of the memory access cycle. 

V t shift circuit 30 provides the bias of the gate of n- 
channel transistor 50 in the mirror leg of voltage refer- 
ence and regulator 24 in this preferred embodiment of 
the invention, to ensure that voltage VOHREF is shifted 

25 upward by an n-channel threshold voltage, considering 
that voltage VOHREF will be applied (via output buffers 
21 ) to the gate of n-channel pull-up transistors 32 in out- 
put drivers 21 . The way in which this shift is effected will 
be described hereinbelow with the operation of voltage 

30 reference and regulator 24. 

The operation of voltage reference and regulator24 
will now be described in detail, at a point in the memory 
cycle during which output data is to be presented at data 
terminals 28. Bias reference circuit 54 presents a bias 

35 voltage to the gate of n-channel transistor 52 to set the 
value of i B!AS conducted through the current mirror; dy- 
namic bias circuit 60 is effectively off at this time. The 
divided voltage generated by resistors 47, 49, which is 
presented as a reference voltage to the gate of n-chan- 

40 nel transistor 48, determines the extent to which tran- 
sistor 48 is conductive, and thus determines the bias 
condition at the drain of p-channel transistor 44. The cur- 
rent conducted by transistor 44 is mirrored by transistor 
46 in the mirror leg, and will thus be a multiple of the 

45 current conducted by transistor 44 (as will be discussed 
hereinbelow). 

The voMage VOHREF at the drains of transistors 46, 
50 will be determined by the voltage at the drains of tran- 
sistors 44, 48, by the relative sizes of the transistors in 

so the circuit, and by the effect of V, shift circuit 30. As is 
well known in the art of current mirror circuits, the gate 
voltage of transistor 50 will tend to match that at the gate 
of transistor 48, due to the feedback of the voltage at 
line VOHREF to the gate of transistor 50, considering 

55 the differential amplifier effect of voltage reference and 
regulator 24. V t shift circuit 30, however, includes tran- 
sistor 56, connected in diode fashion with its gate con- 
nected to its drain at VOHREF, and with its source con- 
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nected to the gate of transistor 50, so that a threshold 
voltage drop is present between line VOHREF and the 
gate of transistor 50. Transistor 56 is constructed simi- 
larly as one of n-channel pull-up transistors 32 in output 
drivers 20, particularly in having the same or similar gate 
length and in having the same body node bias (e.g., to 
ground). N-channel transistor 58 has its drain connected 
to the source of transistor 56, and has its gate controlled 
by bias reference circuit 54, to ensure proper current 
conduction through transistor 56 so that an accurate 
threshold voltage drop is present across transistor 56. 

As a result of V t shift circuit 30, the voltage at line 
VOHREF will be boosted from the reference voltage at 
the gate of transistor 4B by a threshold voltage value 
that closely matches the threshold voltage of the n- 
channel pull-up transistor 32 of output drivers 20. This 
additional threshold voltage shift is necessary consider- 
ing that the voltage VOHREF will be applied to the gate 
of an n-channel pull-up transistor 32 in output drivers 
20, thus ensuring adequate high level drive. The V, shift 
is effected by circuit 30 in a way that does not increase 
the output impedance of voltage reference and regulator 
24, particularly in the impedance to sink current through 
transistor 50 in the event of fluctuations of voltage VO- 
HREF caused by switching output buffers 21. The im- 
plementation of circuit 30 also introduces minimum off- 
set voltage into voltage reference and voltage regulator 
24, and requires only two additional transistors 56, 58 
without adding an entire stage. 

It is of course contemplated that the voltage gener- 
ated on line VOHREF by voltage reference and regula- 
tor 24 may be applied to control the logic level high drive 
of output driver 20 in alternative ways to that described 
hereinabove relative to the preferred approach of con- 
trolling the source voltage of pull-up transistors 36 in 
output buffers 21. For example, the voltage generated 
on line VOHREF may be directly applied to the gate of 
a transistor in series with the pull-up transistor in output 
driver 20 or, in another example, the voltage generated 
on line VOHREF may be applied to the gate of a tran- 
sistor in series with the pull-up transistor in output buffer 
21 ; in each of these alternative cases, the reference volt- 
age on line VOHREF limits the drive applied to the out- 
put terminal. In such alternatives, however, one of ordi- 
nary skill in the art will recognize that the absolute level 
of the reference voltage on line VOHREF may have to 
be shifted from that utilized in the foregoing description. 

Offset compensating current source 

It is desirable for voltage reference and regulator 24 
to have extremely low output impedance, so that sub- 
stantial current may be sourced to or sinked from line 
VOHREF without significant modulation of the voltage 
on line VOHREF. As noted above, since the voltage on 
line VOHREF controls the maximum output high level 
voltage V OH maximum so as not to damage an integrat- 
ed circuit receiving the output logic signals at data ter- 



minals 28 while still providing the maximum output drive, 
it is important that the voltage on line VOHREF remain 
steady near the regulated level. 

In voltage reference and regulator 24, therefore, it 

s isdesirablethatthedrivecapabilities, and thus the tran- 
sistorsizes (i.e., ratio of channel width to channel length, 
or W/L) of transistors 46 and 50 be quite large. This large 
size for transistors 46, 50 will allow voltage reference 
and regulator 24 to rapidly source current (from V^ 

10 through transistor 46 to line VOHREF) or sink current 
(from line VOHREF through transistors 50, 52 to 
ground). For example, the W/L of transistor 46 may be 
on the order of 1200, the W/L of transistor 50 may be 
on the order of 600, and the W/L of transistor 48, in this 

is example, may be on the order of 300. In addition, it is 
desirable that the W/L of transistor 46 be larger than that 
of transistor 44, so that a sizable mirror ratio may be 
obtained, thus increasing the source current available 
on line VOHREF; further, it is desirable that the W/L of 

20 transistor 48 be significantly larger than that of transistor 
44, for high gain. In the above example, the W/L of tran- 
sistor 44 may be on the order of 60, in which case the 
mirror ratio of voltage reference and regulator 24 would 
be on the order of 20. The maximum source current 

25 'source max wil1 be determined as follows: 



source max BIAS 



<ft 
(ft 



30 in the above example, the maximum source current 
•source max wi " be on tne order of 20 times i B | AS . The max- 
imum sink current of voltage reference and regulator 24 
will be equal to i B | AS , which is controlled by bias current 
source 26. In this embodiment of the invention, it will of 

35 course be appreciated that the source current will be the 
more critical parameter for this embodiment of the in- 
vention, as it controls the turn-on of pull-up transistors 
32 in output drivers 21. 

However, since the currents through the reference 

40 and mirror legs of voltage reference and regulator 24 
are not equal to one another, an offset voltage can de- 
velop between the nodes at the drains of transistors 44, 
48, on one hand, and the drains of transistors 46, 50, 
on the other hand. This oflset voltage can be on the or- 

45 der of 300 to 400 mV, and will increase with increasing 
•bias- 

Furthermore, since the W/L of transistor 48 is sub- 
stantially larger than that of transistor 44 and due to the 
diode configuration of transistors 44 (gats tied to drain), 

so transistor 44 is unable to rapidly pull the voltage at the 
drain of transistor 48 (and the gates of transistors 44, 
46) high when necessary. For example, when multiple 
ones of output drivers 21 simultaneous switch on their 
respective pull-up transistors 32, substantial source cur- 

ss rent from voltage reference and regulator 24 is required 
to maintain the voltage on line VOHREF at the proper 
level. This source current tends to initially pul! down the 
voltage on line VOHREF, which in turn will pull down the 
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voltage at the drains of transistors 44, 48 in the refer- 
ence leg of voltage reference and regulator 24, since 
transistor 48 will be required to temporarily supply most 
of the current i BULK required by current source 26 be- 
cause virtually all of the current conducted by transistor 
46 is directed to line VOHRER However, because of its 
relatively small size (for high mirror ratio), transistor 44 
is unable to rapidly pull up the voltage at its drain by 
itself; if this voltage remains low, once the transient de- 
mand for source current is over, the voltage VOHREF 
will overshoot its steady state voltage, because transis- 
tors 44 and 46 will be turned on strongly by the low volt- 
age at their gates. As discussed above, overshoot of the 
voltage VOHREF can damage downstream integrated 
circuits that have lower power supply voltages. 

According to the preferred embodiment of the in- 
vention, therefore, offset compensating current source 
28 is provided, to source current i NULL into voltage ref- 
erence and regulator 24 at the drains of transistors 44, 
48. The size of bias current source transistor 52 must 
therefore be adequate to conduct the additional current 
i NULL that will be provided into the reference leg of volt- 
age reference and regulator 24 beyond the current mir- 
ror; of course, an additional transistor may be provided 
in parallel with transistor 52 to conduct this additional 
current. The current i NULL is intended to equate the cur- 
rent per unit channel width conducted by transistor 48 
with the current per unit channel width conducted by 
transistor 50, so that no offset voltage results, as well 
as easing the load of transistor 48 on transistor 44, and 
allowing the voltage at the drains of transistors 44 and 
48, and thus at the gates of transistors 44, 46, to be rap- 
idly pulled high when necessary. Overshoot of the volt- 
age on line VOHREF is thus prevented. 

Referring nowto Figure 4, the construction of offset 
compensating current source 28 will be described in de- 
tail. In this particular embodiment of the invention, offset 
compensating current source 28 is controlled by bias 
reference circuit 54 in bias current source 26 to minimize 
the number ol transistors required for implementation; 
of course, offset compensating current source may have 
its own bias reference network, if desired. 

Bias reference circuit 54 is implemented by way of 
p-channel transistor 62 having its source biased to V oc 
and its gate biased by a reference voltage PVBIAS 
which may be generated by a conventional voltage ref- 
erence circuit and used elsewhere in memory 10, or 
which is preferably generated by a compensating bias 
voltage reference circuit as described in copending ap- 
plication 08/ , (Attorney's Docket No. 94-C- 

1 1 4), filed , entitled "Circuit for Providing a 

Compensated Bias Voltage", assigned to SGS-Thom- 
son Microelectronics, Inc., and incorporated herein by 
this reference. N-channel transistor 64 is connected in 
diode fashion, with its gate and drain connected to the 
drain of transistor 64. The sizes of transistors 62 and 64 
are selected to ensure that p-channel transistor 62 re- 
mains in saturation for the specified voltage PVBIAS. 



For example, for a voltage PVBIAS of approximately 2 
volts, transistors 62 and 64 with W/L ratios of approxi- 
mately 15 will maintain transistor 62 in saturation where 
V co is nominally 5 volts. The common node at the drains 
s ol transistors 62, 64 presents a reference voltage ISVR 
that is applied to the gate of transistor 52 in bias current 
source 26, and to offset compensating current source 
28. 

Because of the large currents conducted in voltage 

10 reference and regulator 24, as well as the large varia- 
tions in process parameters and power supply voltages 
expected over temperature, it is desirable that the oper- 
ation of bias reference circuit 54 be as stable as possi- 
ble. The construction of bias reference circuit 54 shown 

15 in Figure 4 provides such stability. In the above example, 
simulation results indicate that the ratio of maximum to 
minimum current conducted by transistor 52 in bias cur- 
rent source 26, using bias reference circuit 54 to set the 
gate voltage at node ISVR, over variations in tempera- 

20 ture, process parameters, and power supply voltage, is 
approximately 1.17. 

Offset compensating current source 28 according 
to this embodiment of the invention is implemented by 
a current mirror circuit, in which the reference leg in- 

25 eludes p-channel transistor 66 and n-channel transistor 
68. The sources of transistors 66, 68 are biased to V^. 
and ground, respectively, and their drains are connected 
together. The gate of n-channel transistor 68 receives 
the reference voltage at node ISVR from bias reference 

30 circuit 54, and the gate of p-channel transistor 66 is con- 
nected to the common drain node of transistors 66, 68, 
and to the gate of p-channel transistor 69 in the mirror 
leg, in typical current mirror fashion. Transistor 69 has 
its source biased to V^,, such that its drain current pro- 

35 vides the current i NULL . The relative sizes of transistors 
66, 69 will, of course, determine the mirror ratio, and 
thus the current i NULL ; a mirror ratio of on the order of 5 
will be typical, to produce a current i NULL of on the order 
of 2.5 mA. As noted above, enough current capability 

40 must be provided for transistor 52 to conduct this addi- 
tional current i NULL ; preferably an n-channel transistor 
is provided in parallel with transistor 52, with its gate 
controlled by line ISVR, and having a size matching that 
of the mirror circuit of transistors 66, 68, 69, to conduct 

45 the additional i NULL current in a matched fashion. 

Referring nowto Figures 5 and 6, the effect of offset 
compensating current source 28 on the operation of 
voltage reference and regulator 24 will now be de- 
scribed, based on simulations. Figure 5 illustrates the 

50 operation of voltage reference and regulator 24, in the 
case where the current i NULL is zero, in other words, as 
if offset compensating current source 28 were not 
present. Figure 5 illustrates the voltage VOHREF at the 
output of voltage reference and regulator24, the voltage 

55 V^atthe common drain node of transistors 44, 48, and 
the output voltage DQ on one of data terminals 28. Time 
t 0 indicates the steady-state condition of these voltages, 
in the case where all data terminals 28 are driving a low 
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output voltage. In the steady-state, for example, the volt- 
age VOHREF is preferably at 3.3 volts (the lower power 
supply voltage of an integrated circuit receiving the out- 
put data from memory 10) plus an n-channel threshold 
voltage (considering that pull-up transistor 32 in output 
driver 20 is an n-channel device). At time t,, data termi- 
nals 28 begin switching to a new data state; in this ex- 
ample, the worst case condition is that where all (e.g., 
eighteen) data terminals 28 are to switch from a low logic 
level to a high logic level. As shown in Figure 5, once 
this switching begins as indicated by the voltage DQ be- 
gins rising, the voltages VOHREF and V 44 dip, due to 
the significant source current required by output buffers 
21 on line VOHREF which pulls its voltage down. The 
voltage V 44 also drops at this time, since the current 
through transistor 50 is reduced to near zero (all of the 
current in the mirror leg being required by output buffers 
21), forcing transistor 48 to conduct virtually all of the 
current i BlAS . This additional conduction by transistor 48 
in turn drops the voltage at node V^. Time t 2 indicates 
the end of the output transient, such that the source cur- 
rent demand begins decreasing, allowing the voltage on 
line VOHREF to rise by operation of voltage reference 
and regulator 24. However, as noted above, because of 
the small size and diode configuration of transistor 44 
required forthe mirror ratio to be large enough toprovide 
the source current required by output buffers 21, the 
voltage at node Vw remains low for a significant time, 
and does not begin to rise (slowly) until time t 3 . So long 
as the voltage at node Vw remains below its steady- 
state value, which maintains transistors 44 and 46 
turned on strongly, the voltage at line VOHREF is al- 
lowed to rise, and indeed rises past its steady-state val- 
ue by a significant margin (V 08 ). This rise in VOHREF 
past its desired value may then be reflected via output 
buffers 21 and output drivers 20 onto data terminals 28, 
indeed to the extent as to cause damage to a lower pow- 
er supply integrated circuit connected to data terminals 
28. 

Referring now to Figure 6, the operation of voltage 
reference and regulator 24 for the example where the 
current i NULL is 2.5 mA is illustrated, based on simulation 
of the same conditions as that shown in Figure 5, and 
having the same time scale as Figure 5. As before, the 
switching occurring at time t t causes the voltages VO- 
HREF and Vh to drop. However, the additional current 
'null app'ied to the common drain node of transistors 
44, 46 assists in the charging of this node, and as a re- 
sult the time t 3 at which voltage Vm begins to rise occurs 
much sooner after the initial switching time t, . Since the 
voltage V^ begins to rise so quickly in this case, the 
voltage VOHREF is not allowed to overshoot its steady- 
state value by nearly as much, nor for nearly as long a 
time, as in the case of Figure 5 with i NULL = 0. Damage 
to low power supply integrated circuits connected to da- 
ta terminals 28 is thus avoided. 



Dynamic Control of Bias Current 

As is evident from the foregoing description , it is de- 
sirable that the output impedance of voltage reference 
s and regu lator 24 be as low as possible du ring such times 
as output buffers 21 and output drivers 20 will be switch- 
ing the state of data terminals 28. This low output im- 
pedance allows for significant source and sink current 
to be provided by voltage reference and regulator 24, 

10 without significant modulation in the voltage VOHREF. 
However, such low output impedance requires that the 
DC current through voltage reference and regulator 24 
to be significant, thus causing significant steady-state 
power dissipation and the corresponding increase in 

is temperature, decrease in reliability, and load on system 
power supplies, all of which are undesirable. 

Referring now to Figure 7, the construction and op- 
eration of dynamic bias circuit 60, in controlling the bias 
current i B | AS within a memory access cycle, will now be 

20 described in detail. Dynamic bias circuit 60 is provided 
as an optional function in voltage reference and regula- 
tor 24, for purposes of reducing the steady-state current 
drawn thereby. As shown in Figure 7, dynamic bias cir- 
cuit 60 receives clock signal C50, and applies it to the 

25 gate of n-channel transistor 72 via inverter 71 . Transis- 
tor 72 has its drain connected to node ISVR at the output 
of bias reference circuit 54 and al the gate of current 
source transistor 52. The source of transistor 72 is con- 
nected tothe drain of n-channel transistor 74, which has 

30 its gate connected to node ISVR and it source biased to 
ground. 

In operation, so long as the clock signal C50 re- 
mains high, transistor 72 will be off and dynamic bias 
circuit 60 will not affect the gate bias of transistor 52 nor 

35 the value of the current i B[AS conducted thereby. With 
clock signal C50 low. however, transistor 72 will be 
turned on and the voltage at the gate of transistor 52 will 
be reduced due to transistors 72, 74 pulling node ISVR 
toward ground and reducing the current conducted 

40 thereby. 

The extent to which the gate bias of transistor 52 is 
reduced by dynamic bias 60 is determined by the size 
of transistor 74 relative to the size of transistor 64 in bias 
reference circuit 54 and relative to the size of transistor 

45 52, as will be apparent to those of ordinary skill in the 
art. This sizing can be readily determined, considering 
that the gate-to-source voltage of transistor 74 will be 
the same as that of transistor 64 in bias reference circuit 
54. The drain-to-source voltage of transistor 74 will be 

50 less than that of transistor 64, however, by the amount 
ol the drain-to-source voltage of transistor 72 when 
turned on, which will typically be quite small, for example 
on the order of 100 mV. With both of transistors 64, 74 
in saturation, their drain currents will not be significantly 

ss affected by their drain-to-source voltages, and as such 
transistors 64, 74 may be considered to be in parallel 
with one another when transistor 72 is turned on. Since 
the current in transistor 52 mirrors that of transistor 64 
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(in parallel with transistor 74, when transistor 72 is on), 
clock signal C50 controls the current i B | AS , which effec- 
tively changes the current mirror ration of transistor 64 
to transistor 52. 

For example, in the case where the current i BIAS is 5 
to be reduced to 50% of its full value except during out- 
put switching, the channel width and channel length of 
transistors 64 and 74 will be the same, if the channel 
width and channel length of transistors 64 and 52 are 
the same, as in this example. With transistor 72 turned 10 
off, the current i mAS will equal the current i^ through 
transistor 64 in bias reference circuit 54. With transistor 
72 lurned on (clock signal C50 low), as noted above, 
transistors 64, and 74 are effectively in parallel with each 
other and, in this example, have a channel width that is is 
effectively twice that of transistor 52. The current mirror 
ratio is therefore one-half, since: 

w sz 1 

where W S2 , W 64 , W 74 are the channel widths of transis- 
tor 52, 64, 74 (channel lengths assumed to be equal). 
The sum W M + W 74 is the effective channel width of 
transistors 64 and 74 in parallel with one another. Ac- 
cordingly, the current i B]AS is reduced by one-hall during 25 
such time as clock signal C50 is low. 

Referring now to Figure 8, the operation of dynamic 
bias circuit 60 and its affect on the bias current i B | AS with- 
in a memory access cycle will now be described. Time 
t 0 illustrates the condition of memory 1 0 at the end of a 30 
previous cycle, in the steady state. Data terminals DQ 
are presenting the output data value DATAg from the pri- 
or cycle. Clock C50 is low at this time, since output 
switching is not occurring. Accordingly, the current i B , AS 
is at one-half of its maximum value, since transistor 72 35 
(Figure 7) is turned on by inverter 71 , placing transistor 
74 in parallel with transistor 64 of bias reference circuit 
54, and thus reducing the mirror ratio of transistor 52. 
This reduces the current i BIAS drawn by voltage refer- 
ence and regulator 24 during times in the memory ac- 40 
cess cycle in which output switching is not expected, 
and thus during which only the prior data state (i.e., 
DATA 0 ) is being maintained. The output impedance of 
voltage reference and regulator 24 may be relatively 
high during this time, but the voltage on line VOHREF 45 
will be maintained at its correct steady-state level. 

At time t,, a new memory access cycle is initiated 
by input clock CLK going active; alternatively, for exam- 
ple in a fully static memory, clock CLK may correspond 
to an edge transition detection pulse generated by de- 50 
tection of a transition at address or data input terminals 
of the memory. Responsive to the leading edge of clock 
CLK, clocksignalC50 is activated after a selected delay 
corresponding to a time safely short of the minimum ex- 
pected read access time of the memory. Once clock sig- 55 
nal C50 becomes active at time t 2 , transistor 72 is then 
turned off by operation of inverter 71. Accordingly, the 
current mirror ratio of transistor 52 is restored to its max- 
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imum value (unity, in this example) prior to such time as 
the output buffers 21 and output drivers 20 begin driving 
data terminals 28 to a new data state (I.e., DATA,). After 
another delay time sufficient to ensure that the new data 
state DATA, is stable, clock signal C50 returns low, 
shown at time t 3 of Figure 8. This again turns on tran- 
sistor 72, reducing i mAS to 50% of its maximum value, 
in this example, and thus reducing the DC current drawn 
through voltage reference and regulator 24. 

Adjustable bias current source 

Referring now to Figure 9, bias current source 26' 
according to an alternative embodiment of the invention 
will now be described in detail. Bias current source 26' 
provides for multiple levels of adjustment of the current 
'bias for voltage reference and regulator 24, controllable 
either by clock signals as in the case of dynamic bias 
circuit 60 described hereinabove, or by programming 
fuses. 

Bias current source 26' incorporates bias reference 
circuit 54 and current source transistor 52, connected to 
voltage reference and regulator 24 as before. In addi- 
tion, as described hereinabove relative to Figure 7, tran- 
sistors 72 and 74 are provided, to reduce ihe current 
i B , AS to50%of its prior value when transistor 72 is turned 
on. In this case, however, the gate of transistor 72 is 
controlled by NAND function 73 which receives clock 
signal C50 at one input, and which receives the output 
ol fuse circuit 75 on node FEN50* at another input. 

Fuse circuit 75 provides for the programmability of 
the state of transistor 72 in a permanent fashion. Such 
programmability may be useful in the early stages of the 
design and manufacture of memory 10, when the opti- 
mum value of i B | AS has not yet been determined. In ad- 
dition, programmability of the value of i BIAS is also de- 
sirable if the process variations in the manufacture of 
memory 10 vary widely enough that the optimum value 
of i B , AS is preferably set after initial test of the memory 
10. For example, if memory 10 is processed to have very 
short channel widths, the value of i B | AS may be prefer- 
ably reduced by programming fuse circuit 75 to maintain 
transistor 72 on at all times. Furthermore, one may pro- 
gram fuse circuit 75 to select a desired output slew rate. 

The construction of fuse circuit 75 may be accom- 
plished in any one of a number of conventional ways. 
The example of Figure 9 simply has fuse 76 connected 
between V cc and the input of inverter 77, which drives 
node FEN50* from its output. Transistors 78 and 79 
have their source/drain paths connected between the 
input of inverter 77 and ground. The gate of transistor 
78 receives a power on reset signal POR, such that tran- 
sistor 78 pulls the input of inverter 77 to ground upon 
power up of memory 1 0. The gate of transistor 78 is con- 
nected to the output of inverter 77 at node FEN50*. In 
operation, with fuse 76 intact, node FEN50* is held low 
by operation of inverter 77. With fuse 76 open, a pulse 
on line POR will pull the input ol inverter 77 low, driving 



9 



17 



EP 0 718 744 A2 



node FEN50* high, and turning on transistor 78 to main- 
tain this condition. 

In operation, the output of NAND function 73 will be 
high if either clock signal C50 or node FEN 50* is low. 
Accordingly, by not blowing fuse 76 open, node FEN50* 
will be held low, maintaining the output of NAND function 
70 high and maintaining transistor 72 on unconditionally. 
With fuse 76 opened, clock signal C50 will control the 
state of transistor 72 as in the case of Figure 8 described 
hereinabove. 

Of course, it is contemplated that memory 10 may 
be implemented without clock signal C50, such that the 
state of transistor 72 is dependent solely upon the pro- 
grammed state of fuse circuit 75. 

Bias current source 26' according to this alternative 
embodiment of the invention also includes transistors 
72', 74' connected in series between node ISVR and 
ground, in similarfashion as transistors 72, 74 previous- 
ly described. The gate of transistor 72 is similarly con- 
trolled by NAND function 73', responsive to the state of 
clock signal C67 and to fuse circuit 75' via node FEN67*. 
However, the size of transistor 74' is selected to be dif- 
ferent from that of transistor 74 so that, when transistor 
72' is turned on by either clock signal C67 or by fuse 
circuit 75', the current i B | AS is selected to be at a different 
fraction of its maximum value. For example, if the chan- 
nel width of transistor 74' is one-half that of transistor 52 
and of transistor 64 in bias reference circuit 54 (assum- 
ing the same channel length), then the effective channel 
width of the parallel combination of transistors 64, 74' 
will be 1 .5 times the channel width ol transistor 52. Ac- 
cordingly, the value of i B | Ag with transistor 74' turned on 
will be two-thirds that of its maximum value with transis- 
tor 74' turned off. 

Of course, other transistors of varying sizes may be 
similarly implemented into bias current source 26', if dif- 
ferent values of current i B | AS are desired to be perma- 
nently programmed or clocked in at specific times of the 
memory cycle. In addition, for example, both of transis- 
tors 72, 72' may be simultaneously turned on to further 
reduce the current i B , AS . It is contemplated that other 
combinations of reduction in current will be apparent to 
those of ordinary skill in the art. 

According to this alternative embodiment of the in- 
vention, therefore, the value of the bias current i B | Ag may 
be optimized for the particular design, for individual 
memory circuits depending upon the process parame- 
ters as determined by electrical test, or at specific points 
in time during the memory cycle. This optimization al- 
lows optimization of the tradeoff between maximum 
source and sink current and minimum output impedance 
for voltage regulator and reference 24, on the one hand, 
and the current drawn by voltage regulator and refer- 
ence 24, on the other hand. In addition, the desired out- 
put slew rate maybe selected in this optimization. 



Variable output V o H control 

According to another alternative embodiment of the 
invention, selectability of the VOHREF limiting function 
s is provided, either by way of a logic signal or by way of 
fuse programmability. According to this embodiment of 
the invention, it is contemplated that not all memories of 
the same design may be specified for use in combina- 
tion with other integrated circuits using lower power sup- 
10 plies. For example, a subset of the memories may have 
a V OH maximum of 5.0 volts, while a different subset 
may have a V 0H maximum limited to 3.3 volts. For pur- 
poses of manufacturing ease and inventory control, it is 
preferable to have a single integrated circuit design suit- 
's able for use as either, where the decision between 5.0 
volt or 3.3 volt V OH maximum may be made at the latest 
possible stage of the manufacturing process. In addi- 
tion, the suitability of specific memory chips for 3.3 volt 
operation may depend on process parameters, such as 
20 current drive, such that certain memories may not meet 
the 3.3 volt operating specification even if the VOHREF 
limiting function is enabled, but would meet the operat- 
ing specification for memories with 5.0 voft V OH maxi- 
mum. In this case, it would be desirable to have selecta- 
25 bility of the VOHREF limiting function after electrical 
test. 

Further in the alternative, it may be useful to have 
a special test mode for memory 10, in which the VO- 
HREF limiting function could be selectively enabled and 

30 disabled. 

Referring now to Figure 10, an alternative embodi- 
ment of the invention is illustrated in which voltage ref- 
erence and regulator 124 is similarly constructed as volt- 
age reference and regulator 24 described hereinabove, 

35 but may be disabled byway of an external signal, a spe- 
cial test mode signal, or programming of a fuse circuit. 
Those elements common to voltage reference and reg- 
ulator 24 and voltage reference and regulator 124 are 
referred to by the same reference numeral, and will not 

40 be described again relative to voltage reference and 
regulator 124 of Figure 10. 

In addition to the previously described elements, 
voltage reference and regulator 124 includes p-channel 
transistors 82, 84, B9, and n-channel transistor 86, 

45 which force certain nodes to V oc or to ground in the event 
that the VOHREF limiting function is to be disabled, as 
indicated by the output of NOR gate 80 as will be de- 
scribed hereinbelow. Each of p-channel transistors 82, 
84, 89 has its source biased to V CG , and its gate receiving 

so line LIMOFF*from the output of NOR gate 80. The drain 
of transistor 82 is connected to the gates of transistors 
44, 46 in the current mirror of voltage reference and reg- 
ulator 124, the drain of transistor 84 is connected to line 
VOHREF at the output of voltage reference and regula- 

55 tor 124, and the drain of transistor 89 is connected to 
the input to bias reference circuit 54. N-channel transis- 
tor 86 has its drain connected to node ISVR in bias cur- 
rent source 26, has its source connected to ground, and 
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has its gate receiving signal LIMOFF*, after inversion by 
inverter 85. According to this embodiment of the inven- 
tion, pass gate 88 is provided between voltage PVBIAS 
and bias reference circuit 54, and is controlled by true 
and complement signals based on the signal LIMOFF*. 

In operation, if line LIMOFF* at the output of NOR 
function 80 is at a high logic level, transistors 82, 84, 86, 
89 are all turned off and pass gate 88 is turned on; in 
this case, voltage relerence and regulator 124 operates 
to limit the voltage at line VOHREF in the manner de- 
scribed hereinabove for voltage reference and regulator 
24. 

However, if line LIMOFF* at the output of NOR func- 
tion 80 is at a low logic level, transistors 82, 84, 86, 89 
are all turned on and pass gate 88 is turned off. In this 
condition, line VOHREF is forced to 5.0 volts, and thus 
the drain voltage applied to output buffers 21 (and thus 
applied to the gate of pull-up transistors 32 in output 
drivers 20) is not limited to a reduced level. In order to 
minimize DC current drawn through voltage reference 
and regulator 124, certain nodes therein are also forced 
to particular voltages. In this example, the gates of tran- 
sistors 44, 46 are pulled to by transistor 82, thus 
turning off both of the reference and mirror legs in vott- 
age reference and regulator 124. Pass gate 88 discon- 
nects voltage PVBIAS from bias reference circuit 54, 
transistor 89 pulls the input to bias reference circuit 54 
to V,;,., and transistor 86 pulls node IS VR to ground, thus 
turning off transistors 52 and 58. Of course, the output 
of NOR function 80 may also be applied to nodes within 
offset compensating current source 28, bias reference 
circuit 54, and the like, as desirable. 

In this example of the invention, NOR function 80 
receives three inputs, any one of which being at a high 
logic level will cause line LIMOFF* to be driven low. A 
first input is logic signal DIS, which may be generated 
elsewhere in memory 1 0, for example in timing and con- 
trol circuitry 14; for example, a certain combination of 
inputs or instructions may be applied to memory 1 0 such 
that logic signal DIS is activated. A second input of NOR 
function 80, on node FDIS, is generated by fuse circuit 

90. Fuse circuit 90 is constructed as described herein- 
above relative to fuse circuit 75, such that node FDIS is 
al a low logic level with the fuse intact, and at a high 
logic level if the fuse is blown. 

According to this embodiment of the invention, a 
special test pad TP can also control the enabling and 
disabling of voltage reference and regulator 124 during 
electrical test in waferform(i.e. : prior to packaging). Test 
pad TP is connected to the input of inverter 91 , which 
drives node TDIS received as an input of NOR function 
80. Transistor 92 has its source/drain path connected 
between the input of inverter 91 and ground, and has its 
gate connected to node TDIS at the output of inverter 

91. Transistor 93 has its source/drain path connected 
between the input of inverter 91 and ground, and its gate 
controlled by the power on reset signal POR. 

In operation, if test pad TP is held at V cc , inverter 
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91 will force node TDIS low. However, if test pad TP is 
left open or is connected to ground, upon power up tran- 
sistor 93 will pull the input of inverter 91 low forcing a 
high logic level on node TDIS which is maintained 
$ through operation of transistor 92. It is contemplated 
that tes1 pad TP can thus control the enabling and dis- 
abling of voltage reference and regulator 124 during 
electrical test. Depending upon the result of such test- 
ing, test pad TP may be wire-bonded to V co if voltage 
io reference and regulator 1 24 is to be permanently ena- 
bled, or left open (preferably hard-wired to ground) if 
voltage reference and regulator 124 is to be permanent- 
ly disabled for a particular memory 10. 

Such selective enabling and disabling of the V OH 
is limiting function ol the voltage reference and regulator 
according to the present invention is contemplated to 
greatly improve the manufacturing control of integrated 
circuits incorporating the function. In particular, integrat- 
ed circuits corresponding to different specification limits 
may be manufactured from the same design, with se- 
lection of the maximum V OH voltage made late in the 
process, after electrica I test . In addition , as noted above, 
fuse programming may be used to adjust the voltage 
divider presenting the input voltage to the voltage refer- 
ence and regulator circuit, allowing additional tuning of 
the desired maximum V OH voltage. 

While the invention has been described herein rel- 
ative to its preferred embodiments, it is of course con- 
templated that modifications of, and alternatives to, 
these embodiments, such modifications and alterna- 
tives obtaining the advantages and benefits of this in- 
vention, will be apparent to those of ordinary skill in the 
art having reference to this specification and its draw- 
ings. It is contemplated that such modifications and al- 
ternatives are within the scope of this invention as sub- 
sequently claimed herein. 



1. An adjustable current source for an integrated cir- 
cuit, comprising: 

a load coupled between a first voltage and a 
common node; 

af irst bias reference transistor having a source/ 
drain path connected between the common 
node and a reference voltage, and having a 
gate connected to its drain; 
a current source transistor, having a source/ 
drain path connected between a current output 
node and a reference voltage, and having a 
gate connected to the common node; and 
a first adjustment leg, for conducting current 
between the common node and the reference 
voltage responsive to a first select signal. 

2. The adjustable current source of claim 1 , wherein 
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the load comprises: 

a second bias reference transistor, having a 
conduction path coupled on a first end to the 
first voltage and connected on a second end to 
the common node, and having a control elec- 
trode for receiving a bias voltage. 

3. The adjustable current source of claim 2, wherein 
the second bias reference transistor is a field effect 
transistor. 

4. The adjustable current source of claim 3, wherein 
the second bias reference transistor is a p-channal 
field effect transistor, having its source biased by 
the first voltage, having its gate receiving the bias 
voltage, and having its drain connected to the com- 
mon node. 

5. The adjustable current source of claim 1, wherein 
the first bias reference transistor and the current 
source transistor are n-channel field effect transis- 
tors. 

6. The adjustable current source of claim 1, wherein 
the first adjustment leg comprises: 

a first switching transistor, having a source/ 
drain path coupled between the common node 
and the reference node, and having a control 
electrode for receiving the first select signal. 

7. The adjustable current source of claim 6, wherein 
the first adjustment leg further comprises: 

afirst conductive transistor having afirst select- 
ed current conduction capability relative to the 
first bias reference transistor and the current 
source transistor, having its source/drain path 
connected in series with the source/drain path ■ 
of the first switching transistor, and having a 
control electrode biased so that the first con- 
ductive transistor is in saturation. 

8. The adjustable current source of claim 7, wherein - 
the f i rst switching transistor is a field effect trans istor 
having its drain connected to the common node, 
having a source, and having a gate for receiving the 
first select signal; 

and wherein the first conductive transistor is a 
field effect transistor having its drain connected 
to the source of the first switching transistor, 
having a source biased by the reference volt- 
age, and having a gate connected to the com- ' 
mon node. 

9. The adjustable current source of claim 8, wherein 



the first bias reference transistor and the current 
source transistor are field effect transistors; 

and wherein the first conductive transistor has 
a size that is substantially the same as the size of 
the first bias reference transistor. 

10. The adjustable current source of claim 8, further 
comprising: 

a second adjustment leg, comprising: 

a second switching transistor of the field ef- 
fect type, having its drain connected to the 
common node, having a source, and hav- 
ing a gate for receiving a second select sig- 
nal; and 

a second conductive transistor of the field 
effect type, having its drain connected to 
the source of the second switching transis- 
tor, having a source biased by the refer- 
ence voltage, and having a gate connected 
to the common node. 

11. The adjustable current source of claim 10, wherein 
the second conductive transistor has a second se- 
lected current conduction capability different from 
the first selected current conduction capability of the 
first conductive transistor. 

12. The adjustable current source of claim 1, further 
comprising: 

afuse circuit for setting the first select signal to 



13. The adjustable current source of claim 1, wherein 
the first select signal is a logic signal. 

14. A method of controlling the current conducted by a 
current source, comprising the steps of: 

applying a bias voltage to a reference leg of a 
current mirror, wherein the current conducted 
by the reference leg of the current mirror is con- 
trolled by the bias voltage and wherein the cur- 
rent mirror has a mirror leg conducting a mirror 
current corresponding to the reference current 
times a mirror ratio; and 
turning on a first adjustment transistor coupled 
in parallel with the reference leg of the current 
mirror, to decrease the mirror ratio of the cur- 
rent mirror. 

15. The method of claim 14, further comprising: 

testing the integrated circuit, priorto the turning 
on step. 



12 
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16. The method of claim 14, wherein the turning on step 
comprises: 

programming a fuse circuit. 

5 

1 7. The method of claim 1 4, wherein the turning on step 
comprises: 

applying a logic signal to the current mirror. 

10 

18. The method of claim 14, wherein the reference leg 
of the current mirror comprises a field effect refer- 
ence transistor, wherein the mirror leg of the current 
mirror comprises a field effect mirror transistor hav- 
ing a gate connected to a gate of the reference Iran- '5 
sistor at a common node, wherein the adjustment 
transistor is a field-effect transistor connected in se- 
ries with a switching transistor between the com- 
mon node and a reference voltage, the adjustment 
transistor having a gate connected to the common so 
node; and wherein the turning on step comprises: 

turning on the switching transistor. 
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